Alternative splicing is a crucial mechanism for gene regu lation and for generating proteomic diversity. Recent estimates indicate that the expression of nearly 95% of human multi-exon genes involves alternative splicing 1, 2 . In metazoans, alternative splicing plays an important part in generating different protein products that function in diverse cellular processes, including cell growth, differentiation and death.
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Splicing is carried out by the spliceosome, a massive structure in which five small nuclear ribonucleoprotein particles (snRNPs) and a large number of auxiliary proteins cooperate to accurately recognize the splice sites and catalyse the two steps of the splicing reaction 1, 2 
.
Spliceosome assembly (BOX 1) begins with the recognition of the 5′ splice site by the snRNP U1 and the binding of splicing factor 1 (SF1) to the branch point 3 and of the U2 auxiliary factor (U2AF) heterodimer to the polypyrimidine tract and 3′ terminal AG 4, 5 . This assembly is ATP independent and results in the formation of the E complex, which is converted into the ATP-dependent, prespliceosomal A complex after the replacement of SF1 by the U2 snRNP at the branch point. Further recruitment of the U4/U6-U5 tri-snRNP complex leads to the formation of the B complex, which is converted into to the catalytically active C complex after extensive conformational changes and remodelling.
The decision as to which exon is removed and which exon is included involves RNA sequence elements and protein regulators. Depending on the position and function of the cis-regulatory elements, they are divided into four categories: exonic splicing enhancers (ESEs), exonic splicing silencers (ESSs), intronic splicing enhancers (ISEs) and intronic splicing silencers (ISSs). ESEs are usually bound by members of the SR (Ser-Arg) protein family [6] [7] [8] 
. ISSs and ESSs are commonly bound by hetero geneous nuclear RNPs (hnRNPs; TABLE 1), which have one or more RNA-binding domains and protein-protein interaction domains 9, 10 . ISEs are not as well characterized as the other three types of element, although recently several proteins, such as hnRNP F, hnRNP H, neurooncological ventral antigen 1 (NOVA1), NOVA2, FOX1 and FOX2 (also known as RBM9), have been shown to bind ISEs and to stimulate splicing [11] [12] [13] [14] . Choices of alternative splicing have long been thought to be made at the stages of splice site recognition and early spliceosome assembly, and indeed this is frequently the case 1 . However, several recent studies have shown that the decision can be made at different stages of spliceosome assembly, and even during conformational changes between the two transesterification steps [15] [16] [17] . In addition, there has been accumulating evidence showing the coupling of RNA transcription to splicing regulation [18] [19] [20] [21] [22] . Alternative splicing contributes to genomic diversity and tissue specificity 23 . Comprehending tissue-specific alternative splicing requires an understanding of the regulatory network of protein-protein, protein-RNA and RNA-RNA interactions that are involved in this process 1, 24 . Tissue-specific alternative splicing is thought to be controlled by differentially expressed splicing regulators 1, 25 and/or ubiquitously expressed splicing factors of different concentrations and/or activity 26, 27 . In addition, tremendous progress has been made using high-throughput Small nuclear ribonucleoprotein particle (snRNP) . A protein, including U1, U2, U4, U5 and U6, which contains U-rich small nuclear RNAs (snRNAs) and both small nuclear ribonucleoprotein (snRNP)-specific and common proteins, and is a core component of the spliceosome.
Branch point
A nucleotide, usually an adenosine, within a variably conserved branch point sequence upstream of the 3′ splice site, the 2′ hydroxyl group of which attacks the 5′ splice site in the first step of splicing. methods, which has not only revealed many more new alternative splicing events [28] [29] [30] , but has also accelerated the process of understanding its regulation in different tissues by examining the expression levels of protein regulators and helping to define cis-regulatory elements 31, 32 . In this Review, we discuss mechanisms of alternative splicing control from different perspectives. At which stage of spliceo some assembly is the decision of whether to include an alternative exon made? what protein factors are involved? How does RNA polymerase II (RNAP II) function in alternative splicing regulation? Are the kinetics of spliceosome assembly important for this process? which mechanisms control tissue-specific alternative splicing? we address these questions and conclude by summarizing the diversity of the mechanisms of alternative splicing regulation and speculate on the future directions of alternative splicing research.
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splice site recognition and selection Most human genes contain multiple exons, and the average length of exons (50-250 bp) is much shorter than that of intervening sequences (frequently thousands of bps). Early stages of spliceosome assembly occur around the exons owing to the large size of introns 33 . This type of exon-centred splice site recognition is referred to as 'exon definition' (REf. 34) 
. Exon definition must eventually be converted to intron definition, which occurs by cross-intron interactions between the U1 and U2 snRNPs 35, 36 . The best-studied mechanisms of alternative splicing regulation involve controlling splice site recognition by facilitating or interfering with the binding of the U1 or U2 snRNP to the splice sites.
Facilitating splice site recognition. SR proteins have important roles in facilitating splice site recognition. For example, they recruit the U1 snRNP to the 5′ splice site and the U2AF complex and U2 snRNP to the 3′ splice site by binding to an ESE and directly interacting with protein targets [37] [38] [39] [40] (fIG. 1a) . These interactions are mediated by their RS (Arg-Ser repeat-containing) domains 41, 42 , which have to be properly phosphorylated and dephosphorylated 1, 43, 44 . SR proteins also cooperate with other positive regulatory factors to form larger splicing enhancing complexes by interacting with other RS domain-containing proteins, such as transformer 2 (TRA2) and the SR-related nuclear matrix proteins SRm160 (also known as SRRM1) and SRm300 (also known as SRRM2) [45] [46] [47] (fIG. 1a) . Binding and recruiting can also be achieved by intronic binding proteins: for example, T cell-restricted intracellular antigen 1 (TIA1) binds a U-rich sequence downstream of weak 5′ splice sites to recruit the U1 snRNP 48, 49 ; and Srcassociated in mitosis 68 kDa protein (SAM68; also known as KHDRBS1) binds and recruits U2AF to the 3′splice site of exon V5 of the transmembrane glycoprotein CD44 pre-mRNA 50 . The SR protein SRp38 (also known as TASR 51 , NSSR 52 , FUSIP1 and SRrp40 (REf. 53) ) has been characterized as a general splicing repressor that is activated by dephosphorylation 54, 55 (see below). However, recent studies indicate that it also functions as a sequence-dependent splicing activator when phosphorylated 39 . It was found that in vitro SRp38 activates the formation and splicing of the A complex by facilitating the recruitment of the U1 and U2 snRNPs to the pre-mRNA and stabilizing the 5′ splice site and branch site recognition (fIG. 2a) . Notably, SRp38, unlike other SR proteins, cannot complement cytoplasmic S100 extracts (which contain all factors required for splicing except SR proteins) to activate splicing 56 . Although an A-like complex is formed in the presence of S100 and SRp38, it is stalled or inactive and requires a specific (and currently unknown) coactivator
Box 1 | splicing and spliceosome assembly
Pre-mRNA splicing is a process in which intervening sequences (introns) are removed from an mRNA precursor. Splicing consists of two transesterification steps, each involving a nucleophilic attack on terminal phosphodiester bonds of the intron. In the first step this is carried out by the 2′ hydroxyl of the branch point (usually adenosine) and in the second step by the 3′ hydroxyl of the upstream (5′) exon 1, 2 . This process is carried out in the spliceosome, a dynamic molecular machine the assembly of which involves sequential binding and release of small nuclear ribonucleoprotein particles (snRNPs) and numerous protein factors as well as the formation and disruption of RNA-RNA, protein-RNA and protein-protein interactions.
The basic mechanics of spliceosome assembly are well known. Briefly, the process begins with the base pairing of U1 snRNA to the 5′ splice site (ss) and the binding of splicing factor 1 (SF1) to the branch point 3 in an ATP-independent manner to form the E′ complex (see the figure; double-headed arrows indicate an interaction). The E′ complex can be converted into the E complex by the recruitment of U2 auxiliary factor (U2AF) heterodimer (comprising U2AF65 and U2AF35) to the polypyrimidine tract and 3′ terminal AG 158 . The ATP-independent E complex is converted into the ATP-dependent pre-spliceosome A complex by the replacement of SF1 by U2 snRNP at the branch point. Further recruitment of the U4/U6-U5 tri-snRNP leads to the formation of the B complex, which contains all spliceosomal subunits that carry out pre-mRNA splicing. This is followed by extensive conformational changes and remodelling, including the loss of U1 and U4 snRNPs, ultimately resulting in the formation of the C complex, which is the catalytically active spliceosome.
to proceed 39 (fIG. 2a) . In vivo, SRp38 was shown to favour inclusion of the Flip exon of the GRIA2 (glutamate receptor, ionotropic, AMPA 2; also known as GluRB) pre-mRNA 52 , whereas the mutually exclusive Flop exon is included when SRp38 is absent 39 . Interestingly, both exons contain SRp38-binding sites, and it was proposed that the intracellular concentrations of SRp38 as well as differential binding to the exons (that is, stronger binding to the Flip exon) influence the decision to include either the Flip or Flop exon 39 .
Inhibiting splice site recognition. Inhibition of splice site recognition can be achieved in many ways. First, when splicing silencers are located close to splice sites or to splicing enhancers, inhibition can occur by sterically blocking the access of snRNPs or of positive regulatory factors. For example, polypyrimidine-tract binding protein (PTB; also known as PTB1 and hnRNP I), binds the polypyrimidine tract and blocks the binding of U2AF to regulated exons [57] [58] [59] . In addition, hnRNP A1 binds ISSs that are located upstream of exon 3 in HIV Tat pre-mRNA and prevents binding of the U2 snRNP 60 . Finally, tissue-specific splicing factors FOX1 and FOX2 inhibit the formation of the E′ complex by binding to an intronic sequence to prevent SF1 from binding to the branch site of CAlCA (calcitonin-related polypeptide-α) pre-mRNA 61 (fIG. 1b) .
Splicing inhibitors also sterically block the binding of activators to enhancers. Hu/ELAV family proteins inhibit U1 snRNP binding by competing with the binding of TIA1 to an AU-rich sequence downstream of the 5′ splice site of exon 23a of neurofibromatosis type 1 pre-mRNA 62 . FOX1 and FOX2 also inhibit E complex formation by binding to an exonic sequence in the CAlCA pre-mRNA close to the ESE that TRA2 and SRp55 bind to, preventing the recruitment of U2AF by the activators 61 (fIG. 1b) .
Finally, hnRNP A1 binds an ESS upstream of the TRA2-dependent ESE in exon 7 in the SMN2 (survival of motor neuron 2) pre-mRNA, possibly inhibiting the formation or stabilization of the U2 snRNP complex 63, 64 (fIG.1c) . Some silencers can be over 100-200 bp away from enhancers, and a simple 'bind and block' model thus cannot explain their inhibitory effect. One explanation for the activity of such splicing inhibitors is that they function by masking splice site recognition through multimerization along the RNA 58 . Another model proposes that the alternative exon might be 'looped out' in a process involving protein-protein interactions between RNA-binding proteins bound at sites spanning the alternative exon 58, [65] [66] [67] , and that this loop formation may sterically interfere with further spliceosome assembly, even though splice site recog nition may not be inhibited 67 . For example, hnRNP A1 binds to elements upstream and downstream of exon 7B in its own pre-mRNA to promote skipping of exon 7B 68 . hnRNP A1 has also been shown to bind to exonic and intronic silencers in SMN2 exon 7 and intron 7, and it is proposed that an interaction between hnRNP A1 mole cules is required to fully suppress the inclusion of SMN2 exon 7 (REfS 64, 69, 70) . In addition, PTB has been shown to bind sites flanking the SRC N1 exon, and mutating one of the PTB sites affects the binding of PTB to the other site 58, 71 .
Box 2 | sr proteins
The SR (Ser-Arg) proteins are a family of nuclear factors that have many important roles in the splicing of mRNA precursors in metazoan organisms, functioning in both constitutive and alternative RNA splicing 7 . They are involved in many steps of splicing regulation, by binding exonic splicing enhancers (ESEs) through their RNA recognition motifs (RRMs) and mediating protein-protein 41, 42 , and perhaps protein-RNA 159 , interactions through their RS (Arg-Ser repeat-containing) domains. All canonical SR proteins have common characteristics (see the table). They have a similar structure, with one or two ribonucleoprotein particle (RNP)-type RNA-binding domains at their amino termini and a variable-length domain enriched in Arg-Ser dipeptides at their carboxyl termini (the RS domain). RS domains are extensively phosphorylated and they function in splicing, usually as activators. Most SR proteins function as pivotal regulators in multiple aspects of mRNA metabolism, such as mRNA nuclear export 160 , nonsense-mediated mRNA decay 161 
Alternative exon
An exon that is included in mature mRNA in certain cellular contexts but excluded in others.
RS (Arg-Ser repeatcontaining) domain
A protein domain that is variable in length and enriched in Arg-Ser dipeptides and seems to be involved in protein-protein and protein-RNA interactions.
Hu/ELAV family protein
A protein belonging to a family of nervous system-specific RNA-binding proteins that specifically bind to AU-rich sequences.
CLIP
A method that combines cross-linking and immunoprecipitation to identify in vivo targets of RNA-binding proteins.
Combinatorial effects of activators and inhibitors.
Splicing of individual pre-mRNAs is frequently controlled by combinatorial or competitive effects of both activ ators and inhibitors. The final decision of whether an alternative exon is included is determined by the concentration or activity of each type of regulator, often by SR proteins and hnRNPs [72] [73] [74] . For example, the SR protein 9G8 (also known as SFRS7) and hnRNP F and hnRNP H regulate the splicing of α-tropomyosin exon 2 by competing for binding to the same element 75 ; hnRNP A1 and the SR proteins ASF/SF2 (also known as SFRS1) and SC35 (also known as SFRS2) have antagonistic functions in splicing of β-tropomyosin exon 6B 76 ; and CElF (CUGBP-and ETR3-like factor)-family proteins ETR3 (also known as CElF2) and CUGBP1 activate the splicing of exon 5 of TNTT2 (troponin T type 2; also known as cTNT) by displacing PTB 77 . A recent study showed that at least some Drosophila melanogaster SR proteins and hnRNPs do not have as many common targets as had been thought 78 . Using small interfering RNAs (siRNAs) to deplete individual splicing factors followed by splicing-sensitive microarray analysis, the authors compared genes regulated in opposite directions by hnRNPs and two SR proteins (dASF and BC52). Surprisingly, less than 5% of the genes overlap. However, a systematic analysis of more SR and hnRNPs will be necessary to decide whether antagon izing effects between these proteins is a main mode of alternative splicing regulation.
Position-dependent splicing regulation. The nature of the activity of cis-acting elements and their cognate binding proteins in some cases depends on their position relative to regulated exons. Several proteins, such as NOVA1, NOVA2, FOX1, FOX2, hnRNP l, hnRNP l-like, hnRNP F and hnRNP H, have been shown to act as either repressors or activators depending on the location of their binding site [11] [12] [13] [14] [79] [80] [81] [82] [83] . For example, NOVA1 binds to an ISE in GABRG2 (GABA A receptor, γ2) premRNA and promotes inclusion of exon 9 (REf. 84 ), but it binds to the ESS in the alternative exon 4 of its own pre-mRNA and prevents exon 4 from being included 81 . Similarly to NOVA1, hnRNP l can activate or repress upstream alternative exons, and this probably depends on the location of its binding site relative to the regulated 5′ splice site 12 . hnRNP H promotes the formation of ATP-dependent spliceosomal complexes when it binds to G-rich sequences (G runs) downstream of the 5′ splice site 85 , but it inhibits splicing when the G-rich sequences are located in exons 86 . By using information from mRNA transcripts that are know to be targeted by NOVA1 and NOVA2 and by searching for YCAY clusters (which are NOVA1 and NOVA2 binding sequences) around regulated exons, one group 11 drew an 'mRNA map' that includes the location of NOVA1 and NOVA2 binding sites and the consequence of each binding event. This map provides insight into the mechanisms underlying the effects of NOVA1 and NOVA2 on splicing. For example, binding of NOVA1 and NOVA2 to an ESS inhibits the formation of the pre-spliceosomal E complex by altering its composition before the binding of hnRNPs and inhibits the binding of U1 snRNP 11 . By contrast, NOVA1 and NOVA2 binding to an ISE downstream of the alternative exon promotes the formation of spliceosomal complexes A, B and C 11 . A new technique that combines CLIP and high-throughput sequencing, known as HITS-ClIP 80 (ClIP-seq) 13, 87, 88 , not only verified the reproducibility of this mRNA map, but Branch point also provided genome-wide information on the target genes of NOVA1, NOVA2 and FOX2 as well as possibly mechanisms by which these proteins are regulated 80 . why does the position of splicing regulatory elements determine the action of cognate splicing factors? It is possible that enhancers are positioned so that when the splicing factors bind to them, the splice sites of the alternative exon are better presented to the splicing machinery by changing the local mRNA structure. By contrast, silencing elements function in the opposite manner, by competing with components of the splicing machinery or by changing the structure of the mRNA to impede splice site recognition.
Roles for RNA in alternative splicing regulation. The selection of the splice site can also be influenced by secondary structures in the pre-mRNA. Perhaps the most striking example of this is the complex alter native splicing that is observed in D. melanogaster Dscam pre-mRNA. The exon 6 cluster of Dscam consists of 48 mutually exclusive exons. Pairing between a conserved sequence located downstream of constitutive exon 5 (the docking site) and another conserved sequence, a variant of which is located upstream of each exon 6 variant (the selector sequence), allows the inclusion of only one exon 6 variant 89 ; the other variants are excluded by the binding of hrp36, a D. melanogaster hnRNP A homologue, to the selector sequence 90 . Secondary structures can affect alternative splicing by masking splice sites 91 or by binding sites for splicing factors 92, 93 . For example, a stem and loop secondary structure was shown to sequester alternative exon 6B of the chicken β-tropomyosin pre-mRNA, leading to its exclusion 94 . The IDX exon of RAS can form a secondary structure with an ISS (RASISS1), preventing the binding of hnRNP H to RASISS1. Unwinding this secondary structure by the RNA helicase P68 exposes the binding site, partially explaining the exclusion of IDX 93 . Riboswitches, which control gene expression in prokaryotes 95 , also have the potential to modulate alternative splicing. Splicing of the NMT1 (N-tetradecanoyltransferase 1) pre-mRNA in Neurospora crassa was found to respond to the co enzyme thiamine pyrophosphate through a riboswitch-like structure 96 . It remains to be seen, however, whether this intriguing mechanism operates in higher eukaryotes. In mammals, small nucleolar RNAs (snoRNAs) have also been implicated in alternative splicing regulation 97 . For example, the snoRNA HBII 52 regulates the alternative splicing of HTR2C pre-mRNA by binding to a silencing element in exon Vb to promote its inclusion 98 .
regulation by U1 and U2 snrnP pairing After the 5′ and 3′ splice sites are recognized and exons are defined, exon definition must be converted to intron definition, which involves cross-intron interaction between U1 and U2 snRNPs, to form a functional spliceosome. Precisely when this occurs and when the commitment to splice site pairing happens have been intensively investigated over the past few years. Several studies have shown that the commitment to splicing of at least some alternative exons occurs during splice site pairing in the A complex 35, 36 . For example, ATP hydrolysis is required for splice site pairing, which locks splice sites into a splicing pattern after U2 snRNP binding to the branch site 36 . Additional studies, discussed below, also provided evidence that binding of U1 and U2 snRNPs to splice sites to define an exon does not necessarily commit the exon to splicing 15, 16, 99 . and of TRA2 and SRp55 to ESEs (bottom panel), thereby inhibiting spliceosome assembly at two stages, the E′ and E complexes. The arrow indicates that SRp55 and TRA2 promote binding of the U2AF complex. c | Single-nucleotide differences in SMN2 (survival of motor neuron 2) compared with SMN1 create binding sites for heterogeneous nuclear ribonucleoprotein particle A1 (hnRNP A1) (or hnRNP A2) in exon 7 and in the downstream intron in SMN2 pre-mRNA. hnRNP A1 (or hnRNP A2) may then inhibit the formation or stabilization of the U2 snRNP complex, either directly or indirectly by blocking the activity of the downstream TRA2-dependent ESE. Note that it has also been suggested that the base change in exon 7 destroys an ASF/SF2-dependent ESE 163, 164 (but see also a | Phosphorylated SRp38 (Ser-Arg protein 38) activates splicing by recruiting the U1 and U2 small nuclear ribonucleoprotein particles (snRNPs) to splice sites (ss). SRp38 binds SRp38-dependent exonic splicing enhancers (ESEs) in target transcripts and facilitates the association of U1 and U2 snRNPs with the pre-mRNA to stabilize 5′ ss and branch site recognition by interacting with U1 and U2 snRNPs, respectively. However, the spliceosomal A complex formed is stalled in S100 extract, in which an SRp38-specific cofactor from NF40-60 is absent, which is required to proceed through the splicing pathway. b | SRp38 enhances the inclusion of the Flip exon of GRIA2 (glutamate receptor, ionotropic, AMPA 2) pre-mRNA relative to the mutually exclusive Flop exon. Both exons contain SRp38-binding sites (indicated by black bars under exon 14 (Flop) and exon 15 (Flip)), but the site in Flip is stronger (indicated by the thicker bar), and Flip inclusion is therefore favoured in the presence of SRp38. c | Protein phosphatase 1 (PP1) dephosphorylates SRp38 on heat shock. Under normal conditions, phosphorylated SRp38 is associated with 14-3-3 proteins, which help to protect SRp38 from dephosphorylation, and PP1 activity is inhibited by PP1-associated proteins, including nuclear inhibitor of PP1 (NIPP1). During heat shock, PP1 dissociates from NIPP1 and directly binds to and dephosphorylates SRp38, which has dissociated from 14-3-3 proteins. Part a of the figure modified, with permission, from Nature Struct. Mol. Biol. Regulation by protein factors. A new splicing inhibition mechanism was demonstrated recently by a study showing that binding of hnRNP l to an ESS can inhibit the pairing of U1 and U2 snRNPs 15 . An ATP-dependent spliceosome-like complex, known as A-like exon-definition complex (AEC), was found to form across alternative exon 4 of the CD45 pre-mRNA, even when its inclusion was inhibited. The AEC contains U1 and U2 snRNPs and displays the same gel mobility as the A complex, but progression into the B complex is inhibited. They proposed a model in which an A-like complex forms across exons when hnRNP l is not present, after which the U4/U6-U5 tri-snRNP complex is recruited to the introndefined A complex to form the B complex. However, when hnRNP l is present, an hnRNP l-containing AEC prevents the U1 or U2 snRNPs bound to the splice sites of exon 4 from cross-intron pairing with the adjacent U2 or U1, resulting in exon 4 skipping. There are two possible ways in which the binding of hnRNP l might interfere with snRNP pairing. One is that binding of hnRNP l physically shields the interaction between the snRNPs. Another possibility is that hnRNP l induces a change in the conformation of the pre-mRNA that prevents cross-intron pairing of the snRNP-bound alternative exon. It is intriguing that the AEC, at least superficially, resembles the stalled A complex formed by SRp38 in S100 extract (see above). Although the importance of this is unknown, the following example suggests that such complexes may be more widespread than realized.
PTB is another inhibitory splicing factor that has been shown to function, in some cases, by blocking the transition from exon definition to intron definition 16, 65 ( fIG. 3a) . One group 16 studied the mechanism of PTB inhibition by comparing the active and inactive spliceosomal complexes from neuronal wERI-1 cell nuclear extracts, in which the SRC N1 exon is included, and from Hela cell nuclear extracts, in which the SRC N1 exon is excluded. PTB is highly expressed by Hela cells, whereas a less repressive brain paralogue, nPTB (also known as PTB2 and brPTB), is expressed by wERI-1 cells [100] [101] [102] [103] (see below). Similarly to the example provided by hnRNP l, ATP-dependent exon definition complexes form in nuclear extracts from both cell lines. The protein compositions of the exon definition E and A complexes (EDE and EDA, respectively) that formed on constitutive exon 4 on nuclear extracts from both cell lines were similar, and PTB was found only in complexes formed in Hela nuclear extracts. By contrast, the EDE and EDA complexes that formed on the substrate containing both exon N1 and exon 4 in wERI-1 nuclear extracts and in Hela nuclear extracts differed in their properties and protein compositions. The wERI-1 EDE can move on to functional A, B and C complexes following ATP addition, whereas the EDE formed in Hela nuclear extracts can only localize to a 'dead end' A complex. Several proteins only exist in the functional A complex formed in wERI-1 nuclear extracts, such as the PRP19 complex 104, 105 and SRm160-SRm300 complex 46, 106 , which are might be important for 3′ and 5′ splice site bridging and exon N1 inclusion, and are excluded from the spliceosome by PTB. This study provides a new mechanism for how different protein compositions in different tissues can help to determine the alternative splicing pattern through a silencing factor and its interactions with other splicing factors to prevent intron definition. This study also reveals for the first time that the protein composition of different exon and intron definition complexes can vary, and thus begins to decipher a new mechanism for alternative splicing regulation and tissue specificity.
RBM5 (RNA-binding protein 5; also known as lUCA15 and H37) is a putative tumour suppressor protein 107, 108 that promotes the exclusion of exon 6 of CD95 (also known as FAS) pre-mRNA 109 . RBM5 was found to interact with sequences in exon 6 but to not affect the association of U1 and U2 snRNPs to the adjacent splice sites. Instead, RBM5 inhibited the incorporation of the U4/U6-U5 tri-snRNP complex on the introns flanking exon 6, thereby blocking the maturation of prespliceosome s. RBM5 also promoted the pairing of U1 and U2 at the distal splice sites, contributing further to the exclusion of exon 6 (REf . 109) (fIG. 3b) .
In addition to alternative splicing regulation by the inhibition of intron definition, it is also possible that alternative splicing is stimulated by the activation of intron definition. In vitro experiments with substrates containing expanded introns have shown that the presence of binding sites for hnRNPs near intron boundaries can facilitate splicing 82 . This presumably involves crossintron interactions between hnRNPs that help to bring together the ends of the introns, indicating a possible positive regulatory role for hnRNPs in splicing.
Cis-acting elements that affect U1 and U2 snRNP pairing by modulating 5′ splice site competition have recently been identified. In one study an in vitro screen was carried out for splicing silencers (ESSs and ISSs) that alter the selection of the 5′ splice site by choosing a distal, weak 5′ splice site over a proximal, strong 5′ splice site 99 . The isolated silencers did not affect whether U1 snRNP bound to the 5′ splice site, but instead somehow altered the conformation of the proximal U1 snRNP-5′ splice site complex so that it lost its advantage to compete with the distal U1 snRNP-5′ splice site complex for the pairing with the U2 snRNP-3′ splice site complex. This study suggests a new mechanism by which silencers can subtly affect splice site selection that does not involve sequestering splice sites, but instead entails changing the conformation of the snRNP-pre-mRNA complex. Moreover, the silencers do not affect the rate-limiting step of splicing but instead affect how well U1 and U2 snRNPs pair, which in turn can influence splice site choice.
transcription-coupled alternative splicing
Two models have been proposed to explain the role of RNAP II in the regulation of alternative splicing 110 . The first model is known as the recruitment model, in which RNAP II and transcription factors interact, directly or indirectly, with splicing factors 22, 111, 112 , thereby increasing or decreasing the efficiency of splicing. One study has shown that the structure of the promoter can affect the splicing pattern of the FN1 (fibronectin 1) pre-mRNA by facilitating the differential recruitment of ASF/SF2 (REf. 113 transcription factors to influence the recruitment of distinct splicing factors to the nascent pre-mRNA, resulting in the inclusion or exclusion of the alternative exon. For example, PGC1 (peroxisome proliferator-activated receptor-γ coactivator 1), a transcription co-activator that is recruited to target genes by specific transcription factors, can modulate the alternative splicing of nascent RNA transcripts by interacting with other splicing factors through its RS domain 114 . Another study showed that differential recruitment of transcription co-activators to progesterone-and oestrogen-responsive elements upstream of reporter genes, such as CD44, alters the alternative splicing of the resultant mRNA transcripts 112 . Specifically, recruitment of activating signal cointegrator 1(ASC1) and ASC2 and their associated proteins to these elements was found to both activate the transcription of the reporter genes and affect splicing, but in opposite ways. The ASC1-associated protein CAPER (coactivator of activating protein 1 and oestrogen receptors; also known as RBM39) contains an RS domain and two RRM domains, similarly to SR proteins, whereas the ASC2-associated protein COAA (also known as RBM14) is structurally related to hnRNP A1. It was suggested that the antagonistic effects of the ASC1 and ASC2 complexes are mediated by these factors.
A second, kinetic model proposes that the rate of transcription elongation influences the inclusion of alternative exons by affecting whether the splicing machinery is recruited sufficiently quickly for spliceosome a | Polypyrimidine-tract binding protein (PTB) inhibits the inclusion of SRC exon N1 by inhibiting the interactions of the U1 and U2 small nuclear ribonucleoprotein particles (snRNPs) and intron definition. In both WERI-1 and HeLa cells, the N1 exon is defined by the binding of U1 snRNP to the 5′ splice site (ss) and of U2 snRNP to the branch point. In WERI-1 cells, in the absence of PTB, U1 and U2 snRNPs bound to the N1 exon interact with the U2 and U1 snRNP on adjacent constitutive exons, respectively, thereby allowing efficient spliceosome assembly on introns flanking exon N1. In HeLa cells, PTB binds to sequences flanking exon N1 and prevents the cross-intron interactions that occur in WERI-cells, thereby excluding exon N1. b | RBM5 (RNA-binding protein 5) regulates alternative splicing of CD95 by inhibiting the inclusion of exon 6. It does so not at the stage of U1 and U2 snRNP binding, but instead by promoting tri-snRNP assembly on the intron-defined spliceosomal complex between exon 5 and exon 7, while blocking tri-snRNP recruitment to complexes that would result in inclusion of exon 6. Double-headed arrows indicate intron and exon definition.
assembly and splicing to occur. In support of this model, an RNAP II with a reduced elongation rate caused by a point mutation was found to greatly stimulate the inclusion of an alternative exon that has weak splice sites 115 . Specifically, it was found that slow transcription favours the inclusion of FN1 EDI exon, which was excluded when transcription was more rapid. Consistent with this, a recent study showed that changes in the RNAP II elong ation rate following ultraviolet irradiation could lead to changes in alternative splicing that occur in response to DNA damage 116 . One way of changing the transcription rate is through changing the phosphorylation status of RNAP II. The carboxy-terminal domain of the largest subunit of RNAP II consists of up to 52 tandem repeats of the heptapeptide consensus sequence YSPTSPS 117 . Excess phosphorylation on Ser5 of the C-terminal domain is associated with RNAP II stalling downstream of the promoter region, whereas phosphorylation on Ser2 is associated with elongation through the gene 117, 118 . One group 18 showed that a subunit of the human SwI-SNF (switching-defective-sucrose non-fermenting) complex, BRM, regulates changes in the alternative splicing of CD44 pre-mRNA that are stimulated following T cell activation. On T cell stimulation, RNAP II phosphorylated on Ser5 pauses at the variant exon region of CD44 by a mechanism requiring its association with BRM. Interestingly, this also results in increased association of BRM with components of the splicing machinery and splicing factor SAM68, leading to inclusion of the V5 exon. This study not only provides direct support of the kinetic model, but also shows that the mechanism for alternative splicing regulation by transcription can result from a combination of transcription elongation-related effects and differential recruitment of splicing factors.
alternative splicing and tissue specificity Alternative splicing regulation by tissue-specific splicing factors. Alternative splicing has an important role in defining tissue specificity. Recent high-throughput studies have shown that, of the human tissues examined, 50% or more of alternative splicing isoforms are differently expressed among tissues 29 , indicating that most alternative splicing is subject to tissue-specific regulation.
Tissue-specific alternative splicing events can be explained in part by tissue-specific expression of splicing factors, and the corresponding regulation of their target mRNA transcripts 31, 119, 120 . In keeping with this, numerous tissue-specific alternative splicing regulators have now been identified (TABLE 2) . Among all human tissues, brain is the most functionally diverse tissue, as it has the highest occurrence of tissue-specific alternative splicing isoforms. Accordingly, several brainspecific factors have been identified, such as nPTB 101, 121 , NOVA1, NOVA2 (REfS 81, 84, 122) and Hu/Elav proteins [123] [124] [125] . In addition, region-and cell typespecific expression of most of the >300 RNA-binding proteins examined was observed in proliferating and post-mitotic mouse brain cells 126 . PTB is expressed in neural progenitor cells, but its expression levels are greatly downregulated in differentiated neurons, where nPTB is upregulated 100, 101 . Recent experiments provided evidence that the PTB-to-nPTB switch provides a post-transcriptional mechanism that is important for programming neuronal differentiation 101 . Using microarray analysis, it was shown that siRNA-mediated PTB depletion in N2A neuroblastoma cells caused the upregulation of nPTB and an altered alternative splicing pattern. Most of the observed changes were also detected when P19 cells (derived from an embryonal carcinoma) were differentiated into neuronal cells. In neuronal cells, expression of nPTB and downregulation of PTB explains ~25% of nervous system-specific alternative splicing 101 . However, the molecular mechanism that allows nervous system-specific alternative exons to be included in neuronal cells even when bound by nPTB is still unclear. It may reflect differences in the ability of nPTB and PTB to interact with other splicing factors and/or in the presence or absence of other splicing factors (for example, in the presence of Nova proteins) in neuronal and non-neuronal cells.
Other brain-specific factors, including Nova proteins, may be involved in fine tuning the programming of different types of neuronal cell. NOVA1 and NOVA2 are differentially expressed in post-natal mouse brain, with NOVA2 being highly expressed in the neocortex and hippocampus, and NOVA1 being expressed primarily in the hindbrain and spinal cord 127 . NOVA1-null mice die shortly after birth from a motor defect that is associated with apoptotic cell death of spinal and brainstem neurons. Furthermore, studies in mice in which NOVA2 has been conditionally knocked out showed that NOVA2 regulates ~7% of brain-specific splicing in the neocortex and that NOVA2-dependent alternative splicing regulates the expression of mRNA transcripts that encode synaptic functions 122 . These findings indicate that Nova proteins regulate alternative splicing events that result in transcripts with specific functions in the brain. Similarly to the roles of PTB and nPTB in helping to define non-neuronal and neuronal tissues, the expression of NOVA1 and NOVA2 may contribute to different functions of different brain regions. However, owing to the limited number of exons analysed and the overlap between PTB or nPTB and Nova targets, more detailed studies are needed to obtain a complete understanding of tissue-specific alternative splicing regulation by these factors.
Tissue-specific alternative splicing factors have recently been shown to be important in controlling the expression of epithelial cell-specific exons. One study 128 identified two paralogues, RBM35a (also known as ESRP1) and RBM35b (also known as ESRP2), that are important for the inclusion of epithelial cell-specific exons in several mRNA transcripts 128 . In addition, downregulation of RBM35a was found to coincide with the loss of epithelial splicing during the epithelial-tomesenchymal cell transition, and ectopic expression of RBM35a in mesenchymal cells restored epithelial splicing. These data show that RBM35a and RBM35b contribute to defining the distinguishing characteristics of epithelial cells.
Alternative splicing regulation by constitutive splicing factors. SR proteins were originally discovered by biochemical methods as general, or non-sequence-specific, splicing activators 7 . However, more recent findings indicate that individual SR proteins can act as specific alternative splicing regulators in different cell types and tissues. Disruption of the genes that encode ASF/SF2 and SC35 specifically in the heart have shown that they have important but distinct roles in tissue development 129, 130 . In addition, a recent study showed that mice with complete ablation of SRp38 survived through early embryogenesis and, strikingly, displayed only cardiac defects; these mice showed differences in alternative splicing 131 . Core spliceosomal proteins (CSPs) are also involved in alternative splicing regulation. Analysis of micro arraybased expression profiles from mouse, chimpanzee and human tissues revealed that snRNPs are differentially expressed in particular tissues 132 . This is consistent with results from an RNA interference (RNAi) screen in D. melanogaster, which showed that changing levels of CSPs leads to changes in alternative splicing 26 . These CSPs include components of U1, U2 and U4/U6 snRNPs, as well as the U2AF heterodimer. Further evidence was provided by RNAi knockdown of the isoforms of U2AF35, U2AF35a and/or U2AF35b, and a subunit of splicing factor SF3B, SAP155 (also known as SF3B1), in human cells 44, 133, 134 . Knockdown of these CSPs was found to affect only alternative splicing of a subset of transcripts: for example, mRNAs encoding cell cycle phosphatases in the case of U2AF35 and 5′ splice site selection of BCl2l1 (BCl-2-like 1; also known as BClX) pre-mRNA in response to ceramide in the case of SAP155. In addition, evidence from budding yeast that showed differences in splicing patterns in response to different kinds of stress also suggests that CSPs are involved in alternative splicing regulation 135 . A2BP1, ataxin 2-binding protein 1; ACTN, α-actinin; APLP2, amyloid-β precursor-like protein 2; ATP2B1, ATPase, Ca 2+ transporting, plasma membrane 1; BIN1, bridging integrator 1; CALCA, calcitonin-related polypeptide-α; CELF, CUGBP-and ETR3-like factor; CLCN1, chloride channel 1; COL2A1, collagen, type II, α1; COx2, cytochrome c oxidase II; CTNND1, catenin δ1, EWSR1, Ewing sarcoma breakpoint region 1; FGFR2, fibroblast growth factor receptor 2; FN1, fibronectin 1; GABRG2, GABA A receptor, γ2; GLyRA2, glycine receptor, α2 subunit; GPhN, gephyrin; GRIN1, glutamate receptor, ionotropic, NMDA 3B; IL8, interleukin-8; INSR, insulin receptor; JNK2, Jun N-terminal kinase 2; KCNJ, potassium inwardly-rectifying channel, subfamily; KHDRBS3, KH domain-containing, RNA-binding, signal transduction-associated protein 3; MAG, myelin associated glycoprotein; MBNL, muscleblind; MEF2, myocyte enhancing factor 2; MTMR1, myotubularin-related protein 1; NASP, nuclear autoantigenic sperm protein; NEO, neogenin; NF1, neurofibromin 1; NOVA, neuro-oncological ventral antigen; PLCB4, phospholipase C β4; PLP, proteolipid protein; PTB, polypyrimidine-tract binding protein; RBM, RNA-binding protein; RRM, RNA recognition motif; SLM2, SAM68-like mammalian protein 2; SPAG9, sperm associated antigen 9; TIA1, T cell-restricted intracellular antigen 1; TIAR, TIA1-related protein; TNTT2, troponin T type 2; VEGF, vascular endothelial growth factor.
14-3-3 protein
A protein belonging to a family of conserved proteins that bind to phosphorylated serine and threonine residues and that are encoded by seven genes in most mammals. They bind diverse regulatory proteins, including kinases, phosphatases and transmembrane receptors. SMN, which is part of the SMN complex, has recently been shown to regulate alternative splicing in many mouse tissues 27 . The SMN complex is important for efficient assembly of snRNPs, and depletion of SMN in Hela cells leads to a decrease in snRNP levels. SMN-deficient mice showed tissue-specific alterations in snRNAs, and different snRNPs were affected in different tissues, leading to an altered stoichiometry of snRNPs 27 . In addition, microarray analysis of total RNA samples from different tissues of SMN-deficient mice revealed changes in several alternative splicing events in various tissues 27 . The mechanism of alternative splicing alteration by SMN deficiency is unknown, but it is probable that the resulting changes in snRNP levels directly affected alternative splicing of specific pre-mRNAs. It will be important to understand how, and whether, these changes in alternative splicing contribute to spinal muscular atrophy, which is caused by SMN deficiency 136, 137 .
Alternative splicing regulation by post-translational modifications of splicing factors. Differences in protein expression levels of either tissue-specific splicing regu lators or CSPs may not fully explain how cells can change alternative splicing patterns rapidly, for example in response to cellular stress. Mounting evidence has shown that post-translational modification of splicing factors can affect alternative splicing. The best studied modification is phosphorylation, and consistent with this, several wellstudied cell signalling pathways have been shown to be involved in alternative splicing regulation (reviewed in REfS 138, 139) . Phosphorylation has been shown to affect the local concentration of splicing factors that are adjacent to pre-mRNA substrates, by altering their intracellular localization [140] [141] [142] [143] [144] , protein-protein 43 and protein-RNA interactions 50, 145 and even intrinsic splicing activity 39, 54 . Phosphorylation can change the ability of splicing factors to interact with other proteins or mRNA substrates, leading to changes in splice site selection. Phosphorylation of RS domains in SR proteins affects their inter action with CSPs 43 and is necessary for sequencespecific mRNA binding in vitro 146 . Phosphorylation of TIA1 and TIA1-related protein (TIAR) by Fas-activated serine/threonine kinase (FASTK) enhances TIA1 and TIAR-mediated recruitment of U1 snRNP to a suboptimal 5′ splice site, leading to the inclusion of CD95 exon 6 (REf. 147) . Tyrosine phosphorylation of SAM68 by Fyn protein kinase favours the formation of the anti-apoptotic BClXl (B cell lymphoma Xl) mRNA by interfering with the interaction between SAM68 and hnRNP A1, and with the interaction of both proteins with the pre-mRNA 148 . Phosphorylation of RS motifs of PTBassociated splicing factor PSF (also known as SPFQ) by SR kinases inhibits the binding of PSF to mRNA 145 . Phosphorylation can also change the intracellular localization of splicing factors. Osmotic shock stresses cells and activates the signalling pathway involving MEK3 (also known as MAPKK3), MEK6 (also known as MAPKK6) and p38, which leads to the relocalization of hnRNP A1 to the cytoplasm as a result of hyperphosphorylation. This change in hnRNP A1 localization can alter the alternative splicing pattern of an adenovirus E1A reporter transcript 141, 144 . Furthermore, ischaemia triggers changes in Ca 2+ concentration, leading to hyperphosphorylation of a TRA2 isoform, TRA2β1, and to its localization to the cytoplasm 143 . In addition, protein kinase A phosphorylates PTB on Ser16, which leads to its translocation to the cytoplasm 149, 150 . Phosphorylation status can also, in one case, determine whether a splicing factor functions as a splicing repressor or activator. SRp38 acts as a global splicing repressor when dephosphorylated in the M phase of the cell cycle and following heat shock 54, 55 . However, it becomes a sequence-specific activator when phosphorylated 39 . Shi and Manley 151 elucidated the detailed regulatory mechanism of SRp38 phosphorylation in response to heat shock. Specifically, at normal temperatures two mechanisms ensure that SRp38 remains phosphorylated (fIG. 2c) : first, SRp38 is bound and protected by 14-3-3 proteins, and second, protein phosphatase 1 (PP1), which has been shown to target SRp38, is masked by associated proteins, including nuclear inhibitor of PP1 (NIPP1), which had previously been implicated in splicing control 152, 153 . At increased temperatures 14-3-3 proteins dissociate from SRp38, and PP1 is released from NIPP1, thereby freeing PP1 and allowing it to dephosphorylate SRp38. Unlike other SR proteins, SRp38 is a poor substrate for the SR protein kinases ClK1 (CDC-like kinase; also known as STY) and SRPK1. Therefore, after dephosphorylation SRp38 remains dephosphorylated and can thus repress splicing events, unlike other SR proteins, which are rapidly rephosphorylated.
conclusions and perspectives The studies described here reveal the complexity of alternative splicing regulation. Alternative splicing can be regulated at different steps of spliceosome assembly by different splicing factors, both general and specific, and by many mechanisms that rely on cis-acting elements. Although alternative exons are shorter than constitutive exons and are flanked by longer introns, alternative exons are more conserved than constitutive exons, especially the exon-intron junctions, and these conserved regions often extend into flanking introns for 80-100 nucleotides 154 , where cis-regulatory elements are embedded. Correct alternative splicing also depends on the stoichiometry and interactions of positive and negative regulatory proteins, including CSPs. Each cell type has a unique repertoire of SR proteins and hnRNPs, and moderate changes in their relative stoichiometry can have great effects on the pattern of alternative splicing 1, 63 . It is possible that changes in the stoichiometry of snRNPs perturb the complex network of splicing factors and the interactions between splicing factors and CSPs. Therefore, alternative splicing regulatory networks have such an exquisite architecture that perturbation of any single step can lead to alternative splicing misregulation.
Diverse mechanisms are used to ensure tissue and cell type-specific splicing regulation. Accumulating evidence has shown that alternative splicing plays an important part in defining tissue specificity. The action of sequencespecific transcription factors has been thought to be the most robust way of defining tissue specificity 155 . Importantly, >2,500 transcription factors have been identified in humans 156 , whereas the reported number of sequence-specific alternative splicing factors is <50. Given that it now seems that alternative splicing is as prevalent and perhaps as important a mechanism as transcriptional control, what might be the explanation for this? One possibility is that many more splicing regulators remain to be discovered. However, the total number of putative RBPs in mice has been estimated to be less than 400 (REf. 126) , and some fraction of these proteins will not be involved in splicing. Another possibility is that there are fundamental differences in how splicing and transcription are regulated. For example, individual splicing regulators control much larger groups of genes than specific transcription factors. This is consistent with the large numbers of neuronal transcripts that are thought to be controlled by PTB and Nova proteins 80, 101, 103, 122 . It is also probable that considerable regulation is achieved by combinations of abundant regulators with limited sequence-specificity (that is, the SR proteins and hnRNPs), which act in concert to regulate different mRNA transcripts in different tissues depending on their relative concentrations.
Important goals of future studies of alternative splicing regulation include understanding how regulators switch key splicing events during development and in response to environmental stimuli, and how misregulation of alternative splicing leads to disease. Complete characterization of tissue-specific patterns of expression is of great importance to defining mechanisms of alternative splicing regulation in different cell types. De novo identification of regulatory motifs 31 and HITS-ClIP 80 are two complementary approaches to achieve this goal. However, until now only a limited number of alternative splicing regulators and tissues have been studied by these methods. In addition to Nova proteins and FOX2, ClIP-seq also provided a landscape of potential ASF/SF2 target mRNA transcripts and characterized a purine-rich consensus motif 87, 88 that is nearly identical to a consensus sequence obtained previously by an in vitro SELEX (systematic evolution of ligands by exponential enrichment) approach 157 . A database that includes more comprehensive information on the expression patterns of proteins that regulate alternative splicing, definition of potential target mRNA transcripts and positions of binding motifs on these transcripts will facilitate searches for regulatory proteins that control specific splicing events, such as of genes that are involved in disease, and possibly provide insights into underlying mechanisms.
Owing to the dynamic nature of spliceosome assembly and the potential for regulation at multiple points, detailed proteomic analysis will be important in completely elucidating the molecular mechanisms of alternative splicing regulation. For example, how do RNA-binding proteins interact with other factors and core splicing factors? when and where do splicing factors function to regulate the spliceo some? How do post-translational modifications influence these events? Obtaining a full understanding of the mechanisms underlying alternative splicing and its role in defining tissue specificity will require multiple approaches and methods.
